We have analyzed the pattern of gene expression in human primary CD34 ؉ stem͞progenitor cells. We identified 42,399 unique serial analysis of gene expression (SAGE) tags among 106,021 SAGE tags collected from 2.5 ؋ 10 6 CD34 ؉ cells purified from bone marrow. Of these unique SAGE tags, 21,546 matched known expressed sequences, including 3,687 known genes, and 20,854 were novel without a match. The SAGE tags that matched known sequences tended to be at higher levels, whereas the novel SAGE tags tended to be at lower levels. By using the generation of longer sequences from SAGE tags for gene identification (GLGI) method, we identified the correct gene for 385 of 440 high-copy SAGE tags that matched multiple genes and we generated 198 novel 3 expressed sequence tags from 138 high-copy novel SAGE tags. We observed that many different SAGE tags were derived from the same genes, reflecting the high heterogeneity of the 3 untranslated region in the expressed genes. We compared the quantitative relationship for genes known to be important in hematopoiesis. The qualitative identification and quantitative measure for each known gene, expressed sequence tag, and novel SAGE tag provide a base for studying normal gene expression in hematopoietic stem͞progenitor cells and for studying abnormal gene expression in hematopoietic diseases.
H
ematopoietic stem cells have self-renewal ability. They can differentiate into different hematopoietic lineages, including myelomonocytic, megakaryocytic, lymphoid, and erythroid cells (1, 2) . Hematopoietic stem cells have been widely used in the treatment of hematopoietic disorders such as leukemia (3) . Recent data show that hematopoietic stem cells are highly plastic. Under certain conditions, they can differentiate into nonhematopoietic cells such as brain, liver, and cardiac cells (4) (5) (6) . These features suggest that hematopoietic stem cells can potentially be used for the treatment of nonhematopoietic disorders such as neural and cardiac diseases.
Although much knowledge about hematopoietic stem cells has been gained, we still do not know much about the genetic mechanisms determining their development. We initiated a genomescale analysis to characterize the pattern of gene expression in human hematopoietic stem cells. Our goal in this study was to answer the following questions: (i) How many genes are expressed in hematopoietic stem cells? (ii) Which genes are expressed in these cells? (iii) What is the level of expression of each gene in these cells? (iv) What is the quantitative relationship among the genes expressed in these cells? In this study, we used the serial analysis of gene expression (SAGE; ref. 7) technique as the tool for the analysis to provide the broadest coverage for expressed genes and to provide quantitative information for each identified gene. We also used the generation of longer sequences from SAGE tags for gene identification (GLGI) technique (8, 9) to confirm the genes corresponding to the SAGE tags. In this report, we present the results of this analysis.
Materials and Methods
Cell Purification. The CD34 ϩ cells were purchased from Poietics (Gaithersburg, MD) with Institutional Review Board approval and donor consent. Cells were isolated from mononuclear cells of human bone marrow through positive immunomagnetic selection (CD34 Progenitor Cell Isolation kit, Miltenyi Biotec, Auburn, CA).
The purity of the isolated cells was determined by fluorescenceactivated cell sorter analysis. The CD34 ϩ cells from three donors were pooled for the analysis. SAGE Performance. SAGE was performed with our modified SAGE protocol (10) , and the data were processed by use of our procedure (11) .
GLGI Performance. The GLGI method was designed for two purposes. One is to identify the correct sequence from multiple sequences matched by a single SAGE tag, and the other is to generate a longer 3Ј expressed sequence tag (EST) for a SAGE tag that does not match to known expressed sequences for further analysis (8) . In the GLGI process, a SAGE tag sequence is used as the sense primer, and a universal antisense primer located at the 3Ј end of cDNA is used as the antisense primer to amplify the original cDNA template from which the SAGE tag was derived. We developed the original GLGI method into a high-throughput GLGI procedure for large-scale conversion of SAGE tags into 3Ј ESTs (9) . In this study, we used the high-throughput procedure to identify the correct sequences for the multimatched SAGE tags with more than nine copies, and to convert novel SAGE tag sequences into 3Ј ESTs for SAGE tags with more than four copies.
Results and Discussion
Experimental Design. It is a challenge to perform a genome-level analysis of gene expression in human hematopoietic stem cells because of the rarity of stem cells in human bone marrow. We developed two strategies to overcome this obstacle. The first strategy was to use CD34 ϩ cells for the analysis. CD34 ϩ cells represent hematopoietic stem cells and progenitors for myeloid, erythroid, megakaryoid, and lymphoid cells. Normal bone marrow contains about 1-2% CD34 ϩ cells (12, 13) . This amount will provide a minimal number of cells for analysis. The second strategy is to modify the standard SAGE protocol to decrease the initial amount of mRNA required for SAGE analysis. Our modified SAGE protocol needs 100-fold less mRNA compared with the standard SAGE protocol. This modification enabled us to perform the entire SAGE analysis by using 2.5 ϫ 10 6 CD34 ϩ cells. The purity of the CD34 ϩ cells was 96.4, 98.7, and 97.3% in the three samples as measured by fluorescence-activated cell sorter analysis (Fig. 1) . We used the CD34 ϩ cells directly for analysis without any in vitro culture, to reflect the original pattern of gene expression in the cells.
Distribution of SAGE Tags in CD34 ؉ Cells. We collected a total of 106,021 SAGE tags, from which we identified 42,399 unique SAGE tags. These unique SAGE tags were matched to the SAGE database for gene identification (Tables 1 and 6 -9, which are published as supporting information on the PNAS web site, Abbreviations: SAGE, serial analysis of gene expression; GLGI, generation of longer cDNA fragments from SAGE tags for gene identification; EST, expressed sequence tag; UTR, untranslated region. ‡ To whom reprint requests should be addressed. E-mail: swang1@midway.uchicago.edu.
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www.pnas.org). We observed three features of the SAGE tag distribution.
(i) The quantitative distribution of SAGE tags. In CD34 ϩ cells, a few genes are expressed at high levels, and most genes are expressed at low levels. Only 91 (0.2%) SAGE tags were present in more than 100 copies; 9,085 (21.4%) SAGE tags had between 9 and 2 copies, whereas 32,453 (76.5%) SAGE tags were present as a single copy. This distribution is consistent with that observed in other mature somatic cell types (14) , indicating the universal pattern of quantitative distribution of expressed genes between stem͞progenitor cells and mature cells. The matched tags tended to be the ones with more copies, whereas the novel SAGE tags tended to be the ones with fewer copies. This pattern supports our previous observation that a large number of genes in the human genome have not been identified (11), particularly for the genes expressed at low levels, and at different stages of development such as those in CD34 ϩ cells.
(iii) The rate of multiple matches. By using the matched UniGene cluster as the measure, we observed that 34% of matched SAGE tags matched more than one sequence located in different UniGene clusters. The low specificity of a SAGE tag representing a gene is largely caused by the short length of the SAGE tag sequence (15, 16) . The distribution of these multiple-matched SAGE tags also paralleled their copy numbers. For example, 61 of 85 SAGE tags (71.8%) with more than 99 copies matched multiple sequences.
Thus, it is highly unreliable to identify the correct genes for these SAGE tags based solely on a database search.
Identification of Correct Genes for SAGE Tags with Multiple Matches.
Because the SAGE tags with multiple matches tend to be the ones with more copies, we tried to identify the correct genes for 440 SAGE tags with more than 9 copies with multiple matches. By using the high-throughput GLGI method, we converted these 440 SAGE tags into 3Ј ESTs and we used these longer sequences to search databases to identify their corresponding genes. We identified the correct gene for 385 (88%) of these 440 SAGE tags (Table 10 , which is published as supporting information on the PNAS web site). Similar to other cell types, many housekeeping genes were among the highly expressed genes, including 55 ribosomal proteins. However, many genes with specified function were also expressed at high levels, such as v-fos, TNF, and Myeloperoxidase. Interestingly, there were many functional unknown genes among these highly expressed genes, including 77 ESTs, 13 hypothetical genes, and 10 KIAA protein genes. The high-level expression of these genes suggests their functional importance in the development of hematopoietic stem cell. Table 2 shows the top 60 genes after subtraction of 41 ribosomal protein genes and removal of 4 SAGE tags with poly(A) nucleotide. All of these 60 genes were identified from multimatched SAGE tags.
Conversion of Novel SAGE Tags into Novel 3 ESTs.
The novel SAGE tags account for half of the unique SAGE tags detected in this analysis. The question arises whether these novel SAGE tags represent unidentified novel genes expressed in CD34 ϩ cells. We used the GLGI method to convert 219 novel SAGE tags present in more than 4 copies into 3Ј ESTs, and we matched these longer 3Ј ESTs to the database. With 85% of sequence homology as the cut-off value to distinguish the known or novel sequences, a total of 198 sequences generated from 138 novel SAGE tags was confirmed to be novel 3Ј ESTs. These ESTs range in length from 8 to 454 bp (mean ϭ 152 bp) ( Tables 3 and 11 , which is published as supporting information on the PNAS web site). Sequences from 32 novel tags matched known expressed sequences, and reactions for 49 novel tags did not generate qualified sequences. This result, as well as our earlier study on CD15 ϩ cells (11) , indicates that the novel SAGE tags we have identified truly represent a large number of novel genes. The conversion of novel SAGE tags into 3Ј ESTs provides an efficient way to identify novel genes on a large scale. Our strategy becomes especially important for novel gene identification, in view of the reports that the number of genes in the human genome has been seriously underestimated (17, 18) .
Known Genes Identified in CD34 ؉ Cells. Based on the UniGene clusters single-matched by SAGE tags, we identified 3,687 known genes expressed in CD34 ϩ cells (Table 12 , which is published as supporting information on the PNAS web site). This is the largest number of known genes identified in human hematopoietic CD34 The list was generated from the top expressed genes after removing 40 ribosomal protein genes and 4 SAGE tags with poly(A) nucleotides.
cells (19) (20) (21) (22) (23) . Considering the identification of 42,399 unique SAGE tags and for the matches of 21,546 unique SAGE tags to known expressed sequences, the 3,687 known genes account for only 9% of the total unique SAGE tags and 17.6% of the matched SAGE tags. These data indicate that most of the genes expressed in CD34 ϩ cells have not been identified or studied. Clarifying the function of such a large number of genes expressed in stem͞ progenitor cells is a serious challenge for stem cell biology.
Heterogeneity of 3 Untranslated Region (UTR) Sequences. When matching SAGE tags with expressed sequences, we frequently observed that different SAGE tags matched different sequences located within the same UniGene cluster (Table 4) . One assumption would be that, if a SAGE tag matched sequences upstream of the most 3Ј tag, this tag was most likely to be derived from partially digested cDNA templates in the process of SAGE library construction. Two lines of evidence fail to support this assumption. (i) The SAGE tag database was constructed through extracting the SAGE tag sequences after the last CATG site from expressed transcripts in the database (24) . The match between an experimental SAGE tag and a tag in the SAGE database indicates the existence of an expressed transcript for this SAGE tag. (ii) We converted more than 1,000 SAGE tags into 3Ј ESTs through the GLGI method. Examination of these 3Ј ESTs shows that 97% of them do not have internal CATG, which is the restriction sequence of NlaIII used for SAGE library construction. This result strongly indicates that NlaIII restriction digestion of cDNA templates is very efficient. Because SAGE tags are located in the 3Ј part of transcripts, the identification of different SAGE tags that match different sequences located in one UniGene cluster reflects the presence of transcripts from the same gene with different 3Ј UTRs. The 3Ј UTR plays important roles in regulating the function of expressed genes, such as mRNA stability and translational efficiency (25) (26) (27) (28) (29) . Therefore, analyzing the heterogeneity of the 3Ј UTR through SAGE tags will provide information for understanding the relationship between 3Ј UTR structure and the function of the genes expressed during hematopoiesis.
Genes Known to Be Important for Hematopoiesis. We analyzed the genes known to be important for hematopoiesis (Tables 5 and 13 , which is published as supporting information on the PNAS web site). Many of these genes were identified in this study. Because SAGE provides a simultaneous quantitation for the expressed genes in a sample, the levels of expression among different genes can be compared directly. For example, seven HOX genes were identified from the HOX-A, B, and C clusters, including A3, A5, A9, B2, B7, B13, and C9 (30) . All of these HOX genes were expressed at low levels. Some genes known to play roles in hematopoiesis were not detected in this analysis, such as PU.1 (31) and SCF (stem cell factor; ref. 32 ). This discrepancy may arise because of the difference in methodologies used for the analyses. SAGE analyzes gene expression in a ''horizontal'' way. That is, all of the transcripts expressed from different genes were simultaneously identified and quantified. In other studies, genes were identified based on the reverse-transcription (RT)-PCR method. RT-PCR analyzes gene expression in a ''vertical'' manner. That is, it can identify genes expressed at very low levels through millionfold amplification. Other explanations may be related to differences in the cell types used or differences in culture conditions. For example, a gene can be expressed in transformed cell lines or cells treated with various cytokines in in vitro culture conditions but may not be expressed in in vivo physiologic conditions. In summary, the data generated from this study provide an overview of the pattern of gene expression in normal human CD34 ϩ stem͞progenitor cells. With this information in hand, we are in a position to identify the genes important in hematopoietic stem cells, to understand the regulatory network of self-renewal and differentiation of hematopoietic stem cells into different lineages, and to identify the genes whose expression are abnormal in hematopoietic diseases such as leukemia. 
